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Bacterial conjugation is a plasmid-mediated process aimed at
transferring DNA in a unidirectional way between bacteria from a
donor to a recipient cell. The conjugative plasmid R388 has the shortest
known mobilization region [1]. Only three plasmid-encoded proteins,
TrwA, TrwB, and TrwC, together with oriT, are involved in R388
mobilization [2]. In particular, TrwB is the type IV coupling protein
(T4CP) encoded by R388 and it appears to connect the relaxosome
(properly processed DNAmolecule to be transferred) with the transport
apparatus (a multi-protein structure). TrwB is an integral membrane
protein consisting of 507 residues, that contains characteristic nucleotide
binding domains, reminiscent of those of F1-ATPaseα and β subunits [3].
The protein consists of a large (ca. 440 residues) extramembranousdomain, and a transmembrane domain comprising the 70 N-terminal
residues that includes two transmembrane helices and a small
periplasmic domain in between [2]. Different studies carried out in our
laboratory [4–6] demonstrate that the transmembrane domain plays a
major role in protein stabilization [5] and also increases TrwB speciﬁcity
for nucleotide binding, making the nucleotide binding site(s) less
accessible but more selective to purine nucleotide triphosphates [6].
In a previouswork [7], our group has successfully reconstituted TrwB
into liposomes, with the protein asymmetrically oriented towards the
outside of the vesicles. The functional analysis of TrwB proteoliposomes
demonstrates that when the protein is inserted into the lipid bilayer
TrwB is selective for ATP and the afﬁnity is enhanced as compared to the
protein puriﬁed in detergent [7]. One important effect of protein
insertion into lipid bilayers is assumed to be the thermodynamic
stabilization of its structure. However there are few, if any, data
addressing experimentally the stabilization of bacterial conjugation
proteins by reconstitution in membranes. In the present contribution,
we have compared the thermal stability of TrwB in lipid/protein/
detergentmixedmicelles [5] and reconstituted in lipidbilayers [7]. In our
previous work reconstitution was performed in PE:PG:CL bilayers, we
have now extended the reconstitution work using either a more
complex (E. coli total lipid extract) or a more simple (egg PC) bilayer
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copy, a technique that provides quantitative assessment of protein
secondary structure and its modiﬁcations [8–10]. Protein accessibility to
proteases has also been tested on detergent-solubilized and reconsti-
tuted TrwB. Finally, anATP-hydrolase activity that hasbeen detected in a
soluble, truncated form of TrwB [11], has been explored, with negative
results, in the reconstituted protein.
The data show that reconstituted TrwB is less accessible to proteases,
and more stable against thermal challenge than the detergent-
solubilized form. These observations are in agreement with the data
according to which the reconstituted protein shows higher afﬁnity and
speciﬁcity for the substrate nucleotide ATP [7], and the lack of ATP
hydrolase activity is suggesting the need for TrwB to interact with a
different R388 product in order to develop its full activity.
2. Materials and methods
2.1. Materials
L-α-phosphatidylethanolamine (PE) from E. coli, cardiolipin (CL)
from bovine heart, E. coli total lipid extract and egg PCwere purchased
from Avanti Polar Lipids. Phosphatidylglycerol (PG) was obtained
from Lipid Products. Bio-Beads SM-2 (BB) were obtained from Bio-
Rad. n-Octyl β-D-glucopyranoside (OG) and routine chemicals were
purchased from Sigma. n-Dodecyl-β-D-maltoside (DDM) was from
Anatrace.
2.2. Overexpression and puriﬁcation of TrwB
The puriﬁcation protocol was similar to that previously reported [6],
except for the fact that both TrwBmonomers and hexamerswere eluted
from the phosphocellulose column simultaneously with buffer A
[50 mM Tris–HCl (pH 7.8), 0.1 mM EDTA] supplemented with 0.5 mM
DDM and 1 M NaCl. Next, TrwB eluted from the phosphocellulose
column was supplemented with 50 mM imidazole and 0.1 mM PMSF
and loaded onto 5 ml Hi-Trap Chelating column (GE Healthcare)
equilibrated with buffer A supplemented with 0.3 mM DDM, 200 mM
NaCl, and 50mM imidazole. Proteinswere eluted from the columnwith
225 mM imidazole in buffer A supplemented with 0.3 mM DDM and
200 mMNaCl, at aﬂowrateof 2.5 ml/min. Theproteinwas concentrated
using an ultraﬁltration cell with a YM-50 ultraﬁltration membrane of
regenerated cellulose (Amicon). Imidazole was removed from the
sample by a PD-10 desalting column (GE Healthcare) in buffer A
supplementedwith 20% (v/v) glycerol, 200 mMNaCl and 0.2 mMDDM.
Protein concentration determinations were performed by the Bradford
method. Thewhole processwas carried out at 4 °C. Proteinwas frozen in
liquid nitrogen and stored at−80 °C.
2.3. Preparation of large unilamellar vesicles
Large unilamellar vesicles (LUVs) were prepared either from a
mixture of PE:PG:CL (molar ratio 76.3:19.6:4.1) that emulates the
composition of the bacterial inner membrane [12], or from E. coli total
lipid extract, or from egg PC. LUVs were prepared by the extrusion
method [7,13]. The solventwas evaporatedwith a streamof nitrogen and
the samplewas completely dried under vacuum for 2 h. The dry lipidﬁlm
washydratedwithbuffer B [50 mMTris–HCl (pH7.8), 200 mMNaCl] and
stirred vigorously until the lipid ﬁlm was completely resuspended. The
large multilamellar vesicle suspension was disrupted by 10 freeze–thaw
cycles and then extruded 10 times through a 100-nm pore ﬁlter using a
Mini Extruder (Avanti Polar Lipids, Inc.) to prepare LUVs.
2.4. Reconstitution of TrwB into liposomes
For TrwB reconstitution, 100 μl liposome solution (31 mM) was
solubilizedwith 48 μl OG (500 mM) to reach the “onset” solubilizationpoint [14]. After equilibration of the detergent–phospholipid mixture
for 30 min at room temperature, puriﬁed TrwB was added at a lipid:
protein molar ratio of 250:1 in a total volume of 0.5 ml and incubated
for 30 min at room temperature. Then, the detergent was removed in
three steps by adsorption on BB (pre-treated according to Holloway
[15]) at 4 °C. In the ﬁrst step, 100 mg of pre-treated BB was added to
the lipid/protein/detergent solution and incubated for 3 h. Then, the
same amount of beads was added and incubated for 1 h. Finally,
another 200 mg of beads were added and incubated overnight for the
complete removal of the detergent. Quantiﬁcation of the remaining
DDM and OGwas performed by the sugar detectionmethod described
by Urbani and Warne [16]. To separate proteoliposomes from
liposomes and aggregated protein, a discontinuous sucrose gradient
was used. The sample was loaded at the bottom of a discontinuous
2.5–60% (w/v) sucrose gradient (3 ml) in buffer B and centrifuged for
3 h, at 100,000 ×g at 4 °C. For the appropriate diffusion of the sample,
the 60% sucrose layer was supplemented with 0.05% (w/v) Triton X-
100. Subsequently, 0.5 ml aliquots were taken and protein and lipid
content in each fractionwas analyzed. Finally, the fractions containing
both lipid and protein were diluted to 8 ml with buffer B and
centrifuged for 2 h at 100,000 ×g at 4 °C. The resulting pellet
containing the proteoliposomes was resuspended in buffer B and
stored on ice.
2.5. SDS-PAGE
For protein quantiﬁcation after reconstitution each fraction was
loaded onto a 12.5% SDS-PAGE gel stainedwith Coomassie Brilliant Blue
and the amount of protein was quantiﬁed by densitometry using the
Quantity One Software in a GS-800 Calibrated Densitometer (Bio-Rad).
TrwB was used as the standard protein for quantiﬁcation. For this
purpose, known amounts of puriﬁed TrwB were loaded in different
lanes and used to build the standard curve.
2.6. Determination of total phosphorous
Phospholipid quantiﬁcation was performed following the method
described by Böttcher et al. [17].
2.7. Measurement of nucleotide binding activity in proteoliposomes
The nucleotide binding properties of TrwB proteoliposomes were
analyzed using a ﬂuorescent ATP analogue, namely TNP-ATP [6].
Experiments were performed at 25 °C using a Fluoromax-3 spectro-
ﬂuorometer (Jobin Ivon-Horiba, Longjumeau, France) with spectral
bandwidths of 4 and 8 nm for excitation and emission, respectively.
When the extrinsic ﬂuorescence of TNP-ATP was studied, excitation
was performed at 410 nm, and emission was scanned in the 470–
650 nm range. TrwB proteoliposomes were suspended in buffer B.
TNP-ATP (10 μM) was added to a TrwB proteoliposomes (1 μM)
solution and spectra were recorded. Subsequently, successive aliquots
of ATP were added and the corresponding spectra were recorded. All
spectra were corrected for buffer ﬂuorescence that contained all the
components needed except for TrwB.
2.8. Analysis of ATPase activity of TrwB proteoliposomes
In TrwB proteoliposomes ATPase activity was measured using
either a coupled-enzyme assay or a colorimetric assay as described
previously [11].
2.9. Proteolysis by trypsin and proteinase K
Tryptic digestions of TrwB either in the presence of detergent or in
proteoliposomes were performed in buffer B with or without 0.2 mM
DDM, respectively. Both digestions were carried out at 25 °C.
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(5 μM TrwB) at different ratios: 1:10, 1:250, 1:500 and 1:1000 (w/w).
Samples were taken at different time intervals, the reaction was
stopped by addition of 0.4% (v/v) acetic acid and the mixture was
heated for 5 min at 100 °C. When required TrwB proteoliposomes
(5 μM TrwB) were treated with 220 mM OG in buffer B for 10 min at
25 °C prior to trypsin addition.
Proteinase K digestion of TrwB proteoliposomes was performed in
50 mM Tris–HCl (pH 7.8), 1 mM CaCl2 buffer and digestion of TrwB
puriﬁed in the presence of detergent was performed in the same
buffer supplemented with 0.2 mM DDM. Digestion was carried out at
25 °C. Proteolysis was initiated by addition of proteinase K to
proteoliposomes (5 μM TrwB) at ratios of 1:750 or 1:500 (w/w).
Samples were taken at different time intervals, the reaction was
stopped by addition of 6 mM PMSF and the mixture was heated for
5 min at 100 °C.
In both cases, degradation products were analyzed in 12.5% SDS-
PAGE gels stained with Coomassie Brilliant Blue. Percent degradation
was measured by densitometry using the Quantity One Software in a
GS-800 Calibrated Densitometer (Bio-Rad).
2.10. Infrared spectroscopy
TrwB samples were measured in buffer B supplemented with
0.2 mM DDM. The H-D exchange was carried out by dialysis at 4 °C
against the same buffer in D2O.
After the sucrose gradient, the fractions with TrwB proteoliposomes
were diluted up to 8 ml in 50 mM Tris–DCl (pH 7.8), 200 mM NaCl
buffer in D2O. Then samples were centrifuged for 2 h at 100,000 ×g at
4 °C and resuspended in the same buffer for measurements.
Infrared spectra were recorded in a Thermos Nicolet Nexus 5700
(Thermo Fisher Scientiﬁc,Waltham,MA) spectrometer equippedwith
a MCT detector using a Peltier-based temperature controller (Temp-
CompTM, BioTools Inc., Florida) and 25 μm optical path excavated
windows. Typically 370 scans for each, background and sample, were
collected at 2 cm−1 resolution and averaged every minute. Temper-
ature was increased at a rate of 1 °C min−1. Data treatment and band
decomposition of the original amide I have been described elsewhere
[9,18].
3. Results
3.1. Effect of lipid composition on membrane protein incorporation
To examine the inﬂuence of lipid composition on TrwB reconsti-
tution and its effects on TrwB activity, either PE:PG:CL (76.3:19.6:4.1)
[7], E. coli total lipid extract or egg PC liposomes were used for TrwB
reconstitution. The former is a deﬁned mixture that mimics the
bacterial inner membrane lipid composition [12]. The E. coli total lipid
extract might include lipids that are necessary for the in vivo activity
of TrwB. Egg PC was the third option because it is the most common
composition in the reconstitution of membrane proteins [19].
Optimal conditions for TrwB detergent-mediated reconstitution
into liposomes [20] were described in a previous work [7]. In order to
analyze the effect of lipid composition on TrwB reconstitution, LUVs of
the above three compositions were prepared. Puriﬁed TrwB in 0.2 mM
DDM was added to liposomes partially solubilized with 48 mM OG
and detergents were removed by adsorption to BB [19] as described
[7]. Next, the proteoliposomes were separated from liposomes and
unincorporated TrwB using sucrose density gradient centrifugation.
Then the different sucrose gradient fractions were analyzed for
protein and lipid content.
Sucrose gradients were fractionated in 500 μl fractions and
analyzed for protein and lipid content. As reﬂected in Fig. 1, migration
of proteoliposomes through the gradient varied with lipid composi-
tion. PE:PG:CL allowed co-migration of most protein and lipid in the2.5 ml fraction (Fig. 1A).When E. coli total lipid extract was used,most
of the protein was recovered in the 2.5 ml fraction (30% sucrose layer)
(Fig. 1B). Although in this fraction phospholipids and protein
coexisted (80% of protein and 20% of lipid), most phospholipids
(60%) were found in the 1.5 ml fraction (Fig. 1B). A different
behaviour was observed for PC proteoliposomes. In this case the
protein banded in the bottom fraction (3 ml) (Fig. 1C), which usually
corresponds to aggregated protein, and the maximal amount of lipid
(≈50%) was found in the 0.5 ml fraction corresponding to pure lipid.
It was concluded that PC did no allow TrwB reconstitution under our
conditions, and no further experiments were carried out with the
TrwB/PC mixture.
Although the initial lipid:protein ratio was the same in all cases
(i.e., 250:1) it changed signiﬁcantly for the different liposome
compositions. Lipid and protein assays indicated that proteolipo-
somesmade out of E. coli lipids showed the highest proportion of lipid
per protein molecule (140:1), while PE:PG:CL liposomes rendered
proteoliposomes with a proportion of 99 molecules of lipid per
protein molecule. Protein incorporation yield was 40% and 28% for PE:
PG:CL and E. coli total lipid extract, respectively.
To investigate whether lipid composition had any effect on the
nucleotide-binding activity of TrwB proteoliposomes, the binding
capacity of TrwB proteoliposomes of different compositions was
analyzed. As shown in Fig. 1D and E, qualitatively similar spectra were
obtained when PE:PG:CL and proteoliposomes made out of E. coli
lipids were examined. In both cases, TNP-ATP ﬂuorescence emission
increased in the presence of TrwB proteoliposomes and 10 mM ATP
dislodged the ﬂuorescent analogue from its binding site(s). However
PE:PG:CL [7] proteoliposomes showed higher displacements than
liposomes made out of E. coli lipids.
It has been extensively reported that the activity of membrane
proteins can be regulated by the lipid membrane composition [21,22].
Therefore, since TrwBΔN70 has a DNA-dependent ATPase activity
enhanced by the protein TrwA [11,23], and although PE:PG:CL TrwB
proteoliposomes did not show ATPase activity even when many
different conditions were tested [7], proteoliposomes made out of
E. coli lipids (3 μM protein) were incubated with or without 6 nM
ssDNA and 2 μM TrwA to evaluate the existence of ATPase activity in
these proteoliposome preparations. Nevertheless, none of samples
analyzed showed ATPase activity under any of the conditions assayed.
In view of the above results, from this point on experiments were
conducted only with TrwB either solubilized as lipid/protein/
detergent mixed micelles or reconstituted in PE:PG:CL.
3.2. Secondary structure of solubilized and reconstituted TrwB
Information on the secondary structure of TrwB either in the
detergent-solubilized formor inserted into liposomeshas beenobtained
by IR spectroscopy. The infrared amide I band, located between 1700
and1600 cm−1 arisesmainly fromtheC=Ostretchingvibrations of the
peptidic bond. This band is conformationally sensitive and can be used
to monitor the protein secondary structure composition and changes
thereof induced by external agents [9,24]. Fig. 2 shows the original
spectra and their curve-ﬁtting decomposition corresponding to TrwB
puriﬁed in the presence of detergent (Fig. 2A) and TrwB reconstituted
into PE:PG:CL liposomes (Fig. 2B). Theoriginal amide I′ envelope (amide
I′ instead of amide I to mark that spectra are taken in D2O buffer) was
curve-ﬁtted using the band positions obtained from the deconvolved
spectra (see inset), and the results are summarized in Table 1. When
TrwB in detergent was analyzed, four bands corresponding to protein
structure were observed. The band at 1613 cm−1 was not taken into
account for protein conformation analysis because it was attributed to
tyrosine side chains [25]. Band assignment is not always a straightfor-
ward process because band position can be altered by the environment.
For instance α-helical components are located around 1650 cm−1 [9],
but lower wavenumbers have been described for hydrated helices [26].
Fig. 1. Effect of lipid composition on TrwB reconstitution. (A–C) Protein and lipid content of the fractions obtained from the sucrose density gradients for proteoliposome separation.
The percentages of protein (black bar) and lipid (grey bar) in the fractions after the sucrose gradient ultracentrifugation were quantiﬁed as described in the Materials and methods
section. (A) PE:PG:CL. (B) E. coli total lipid extract. (C) Egg PC. The ﬁnal lipid:protein molar ratio in the major protein fraction is indicated with an arrow. Nucleotide binding to TrwB
proteoliposomes prepared from PE:PG:CL (D) or from E. coli total lipid extract (E). Fluorescence spectra of TrwB proteoliposome-bound TNP-ATP in the presence and absence of ATP.
All spectra were corrected for buffer ﬂuorescence. Spectrum 1, TrwB proteoliposomes (1 μMTrwB) plus TNP-ATP (10 μM). Spectrum 2, TrwB proteoliposomes (1 μMTrwB) plus TNP-
ATP (10 μM) plus ATP (5 mM). Spectrum 3, TrwB proteoliposomes (1 μM TrwB) plus TNP-ATP (10 μM) plus ATP (10 mM).
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helix, whereas the bands at 1631 and 1676 cm−1 correspond to the low
andhigh-frequencyofβ-sheet, the latter also containing a component of
β-turns. The band at 1661 cm−1 is usually assigned to β-turns [8–10].
When TrwB embedded in lipid bilayers was studied a remarkable
change in the shape of the amide I′ envelope was observed, consistent
with the appearance of a new band at 1619 cm−1. No signiﬁcant
changes, either in position or area, are seen in the bands corresponding
to α-helix or β-turns. However, a decrease from 28% to 17% is observed
in the band corresponding to β-sheet at 1632 cm−1. This decrease is
concomitantwith the increase in the band at 1619 cm−1. The latter band
cannot be associated with aminoacid side chains for two reasons: the
wavenumber shift is too large to be accounted for by changes in theenvironment polarity, and the increase in area is not concomitant with
an increase in the ratio between the areas of the band at 1515 cm−1, an
isolated component due to the C=C vibrational mode band of tyrosine
aromatic ring, and the amide I′. The 1619 cm−1 band is attributed to β-
strands (see Discussion).
3.3. TrwB stability against thermal challenge
In order to obtain a better insight of the changes produced in TrwB
when inserted into lipid bilayers, temperature-induced effects on the
corresponding IR spectra were recorded. Spectra were retrieved in the
20–80 °C temperature range and the spectral shape as a function of
temperature was analyzed. In this way the denaturing process of a
Fig. 2. Amide I′ region of the infrared spectra of TrwB puriﬁed in DDM (A) and of PE:PG:
CL TrwB proteoliposomes (B). TrwB puriﬁed in DDM was dialysed against buffer B in
D2O medium supplemented with DDM 0.2 mM, and the proteoliposomes were
ultracentrifuged at 100,000 ×g at 4 °C for 2 h and suspended in buffer B in D2O, and
analyzed by IR spectroscopy. The spectra were curve-ﬁtted to show the different
secondary structure components as detailed in Table 1. The inset shows the
deconvolved spectra of the amide I′ band.
Fig. 3. Deconvolved IR spectra of TrwB puriﬁed in DDM (A) and TrwB proteoliposomes of
PE:PG:CL (B) at increasing temperatures, showing thermal denaturation of the proteins.
The samples were analyzed by IR spectroscopy at different temperatures between 20 and
80 °C. The bands appearing at high temperatures at 1617 and 1685 cm−1 (marked with
black arrows) are typical of protein aggregation.
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The 3D deconvolved spectra of the protein in detergent or inserted into
liposomes of PE:PG:CL are depicted in Fig. 3. In both cases (i.e., TrwB in
detergent and TrwB proteoliposomes) the shape of amide I′ changes
with temperature and denaturation is marked by the bands
corresponding to inter-molecular β-sheet (i.e., bands at 1617 and
1685 cm−1) that indicate protein aggregation (black arrows in Fig. 3).
When TrwB was reconstituted in liposomes (Fig. 3B) denaturation
occurred at higher temperatures and the bands at 1617 and 1685 cm−1
were less prominent than in thepresence of detergent (Fig. 3A). This fact
would suggest that TrwB in proteoliposomes has a more compact
structure, higher temperatures beingnecessary for proteindenaturation
than for TrwB in surfactant.Table 1
Secondary structure components of TrwB in the presence of detergent and of TrwB
reconstituted into liposomes asderived from theamide I′bandof infrared spectra obtained
in D2O medium. Both samples were suspended in the same buffer B with or without
0.2 mMDDM, respectively. The spectra are shown in Fig. 1. For details on assignments, see
the text.
TrwB in detergent TrwB proteoliposomes (PE:PG:CL)
Position
(cm−1)
Area
(%)⁎
Assignation Position
(cm−1)
Area
(%)⁎
Assignation
1676 5 β-Sheet 1679 5 β-Sheet
1661 27 β-Turns 1664 25 β-Turns
1647 41 α-Helix 1645 39 α-Helix
1631 27 β-Sheet 1631 17 β-Sheet
1619 14 β-Strand
⁎ The ﬁgures had been rounded off to the nearest integer.The process of thermal denaturation can also be followed (in a
non-quantitative way) by plotting the half-width of amide I′ vs.
temperature. As seen in Fig. 4, when TrwB was reconstituted into
liposomes denaturation occurred at temperatures above 65 °C. The
midpoint transition temperature of TrwB proteoliposomes is about
17 °C higher than the Tm of TrwB in detergent (48 °C) (Fig. 4). This
increase in denaturation temperature appears to be the result of lipid–
protein and protein–protein interactions in the bilayer.
Moreover, infrared absorption bands from the different chemical
groups of phospholipids can yield information about the structure of
the lipid bilayer and protein–lipid interactions [10]. The position
around 2850 cm−1 due to the antisymmetric C–H stretching vibrationFig. 4. Thermal denaturation of TrwB reconstituted into liposomes as seen by IR
spectroscopy. The widths at half-height (WHH) of the amide I′ bands are plotted as a
function of temperature for TrwB proteoliposomes of PE:PG:CL (○) and TrwB puriﬁed
in DDM (●). Thermal denaturation is marked by a marked increase in bandwidth.
Fig. 5. Protein effects on bilayer lipids, as seen by IR spectroscopy. (A) Band at around
2850 cm−1 corresponding to the symmetric stretching of the –CH2– group in the acyl
chains: (○) proteoliposomes of PE:PG:CL, and (Δ) liposomes of PE:PG:CL processed in
the absence of protein. (B) Band at 1090 cm−1 corresponding to the phospholipid
phosphate group: (○) proteoliposomes of PE:PG:CL, and (Δ) liposomes of PE:PG:CL
processed in the absence of protein.
Fig. 6. Trypsin digestion of TrwB and TrwB proteoliposomes. Trypsin digestion (at a
1:500 w:w trypsin:TrwB ratio) was carried out at 25 °C. Aliquots were taken at different
times, indicated in minutes above each lane, and analyzed. Coomassie Brilliant Blue-
stained SDS-PAGE of tryptic fragments of TrwB proteoliposomes (A) and TrwB in DDM
(B). (C) Time course of trypsin digestion of: TrwB proteoliposomes (●), TrwB
proteoliposomes treated with 220 mM of OG for bilayer permeabilization before the
tryptic digestion (□), and TrwB in DDM (○). Average values±SD (n=3). Low
molecular weight marker from Bio-Rad was used.
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whereas the PO2- symmetric band in the 1100–1000 cm−1 region
monitors the water–membrane interface. Fig. 5A shows the band
position due to the antisymmetric methylene stretching as a function
of temperature for a liposome preparation of PE:PG:CL in the absence
of protein and for PE:PG:CL proteoliposomes. For pure lipids,
increasing temperatures cause a slight and rather continuous shift
to high wavenumbers. When TrwB is inserted in the bilayer, the
thermal pattern for C–H stretching vibrations is modiﬁed at the
temperature of the protein thermal denaturation in the 50–70 °C
range (Fig. 5A), indicating interaction of TrwB with the lipids.
Moreover, the band corresponding to proteoliposomes appears at
lower wavenumbers at all temperatures when compared to the band
in the absence of protein, indicating a higher lipid chain order in the
presence of protein.
The IR band corresponding to phosphate groupvibrations (Fig. 5B) is
temperature-insensitive under our conditions for pure lipid bilayers. In
contrast, when the protein is inserted into the bilayer, the phosphate
group band shifts gradually to lower wavenumbers, indicating that
water accessibility to the phospholipid phosphate groups increaseswith
temperature, irrespective of the protein thermal denaturation.
In summary the IR spectroscopic studies show that TrwB is thermally
stabilized when embedded in lipid bilayers, that the protein increases
the lipidmolecular order and that lipid–protein interactions are detected
both in the hydrophobic lipid matrix and at the lipid–water interface.
3.4. TrwB stability against proteolytic digestion
As a further approach to the changes in global protein conformation
brought about by bilayer insertion the mixed micelles and theproteoliposomes were subjected to trypsin and proteinase K treatment.
Depending on the tertiary structure of the protein, trypsin could have a
different accessibility, rendering different trypsinisation patterns. The
resulting data could help elucidate the different tridimensional
organization of the protein solubilized in detergent in comparison to
TrwB proteoliposomes. We analyzed TrwB proteoliposomes and TrwB
puriﬁed in detergent in order to ﬁnd the possible differences. As seen in
Fig. 6 when the protein is inserted into the lipid bilayer about 40% TrwB
is not digested by the protease even at the lowest protein:protease
molar ratios described in theMaterials andmethods section. In contrast,
when TrwB solubilized in detergent was digested with trypsin, even
after short treatments almost 100% of the proteinwas digested (Fig. 6C).
Digestions with proteinase K rendered similar results in which about
35% of TrwB could not be further proteolyzed (data not shown). These
results suggest that the protein is more protected and/or more
compactly folded when inserted into the lipid bilayer.
Fig. 7. TrwB thermal denaturation detected through changes in lipid acyl chain
vibration. TrwB denaturation is indicated by the large increase in amide I′ bandwith
(●) above≈50 °C. Plotting the C–H stretching band position arising mainly from lipid
acyl chains (○) reveals a discontinuity in the temperature region where protein
denaturation occurs. Data replotted from Figs. 4 and 5A.
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4.1. Structure of TrwB embedded in lipid bilayers
TrwB is an integralmembrane protein essential in the R388 bacterial
conjugation [2]. This protein belongs to the type IV coupling protein
family (T4CP). It is proposed that the proteins of this family connect the
relaxosome to the type IV secretion systemduring bacterial conjugation
[27]. The crystal structure of TrwBΔN70 (a deletion soluble mutant)
showed that TrwB contains a nucleotide binding domain with α/β
topology [28]. Hormaeche et al. [5] observed by IR that in TrwB
solubilized in the formof detergentmicelles the helicoidal structurewas
predominant and that TrwBΔN70 had a less compact structure than the
native protein. This result suggested that the transmembrane domain
(TMD) allows TrwB to fold in a more compact and ordered way, loops
and disordered structures being more abundant in the soluble mutant.
In this work, we have studied the structure of TrwB both solubilized
in the form of protein/lipid/detergentmixedmicelles and reconstituted
into liposomes. We observe that TrwB conserves the largely α/β
structure previously reported [5]; however,when theprotein is inserted
into the lipid bilayer anadditional bandappears at 1619cm−1. This band
can be assigned to an extended structure, a β-strand. A similar situation
is found in apoB100, the apoprotein from human serum LDL, where a
band at 1617 cm−1 has been described in the non-denatured protein in
D2O [29–31], and associated with strands embedded in the membrane,
thus less accessible to the solvent [29,31]. Early observations by
Valpuesta et al. [32] show that, upon removal of detergent, mitochon-
drial complex III changed its conformation with an increase in
absorbance at ≈1620 cm−1, that today could be attributed to β-
strands. Bands at low frequency assigned to extended structures have
been described in other proteins; these structures do not form β-sheets
with other similar chains but rather interact through hydrogen bonds
with similarly extended structures or loops from the same or different
polypeptidic chains [8,33]. It has been suggested that in TrwB 15% of the
amino acid residues form β-strands [34]. This corresponds very well
with the percent β-strands measured by IR in proteoliposomes
(Table 1). In the light of the proposed hexameric structure for
TrwBΔN70 [28], the β-strand components of TrwB proteoliposome
spectra could correspond to structures establishing hydrophobic
interactions between protein monomers.
4.2. TrwB stability in micelles and bilayers
Protein thermal denaturation is characterised by the appearance of
two IR bands, one below 1620 cm−1 and the other above 1683 cm−1,
that are associated with aggregation and eventually loss of enzyme
activity [35,36]. In the case of TrwB, the bands related to aggregation
are 1617 and 1685 cm−1, both for the proteins in micellar and bilayer
environments. There is however an important difference in the
temperatures, higher for TrwB in bilayer, at which aggregation
proceeds. Thermal proﬁles of TrwB solubilized in detergent and
TrwB proteoliposomes (Figs. 3 and 4) indicate that when TrwB is
reconstituted into bilayers the protein is more stable than in the
presence of detergent, the corresponding Tm values being at least
17 °C higher for TrwB in bilayers. The temperature at which
aggregation bands appear is related to the compactness of the protein,
less compact proteins tending to melt at lower temperatures [24].
Thus TrwB reconstituted into liposomes would show a more compact
structure than in the presence of detergent, insertion into the bilayer
being responsible for this change.
Because of the sensitivity of the protein infrared band position to
the environment, it has been shown that changes in position of bands
assigned to extended structures correspond to changes in the protein
topology [37]. Taking into account that aggregation is preceded by
unfolding it can be expected that the TrwB unfolding pathway is
basically similar in both cases, micelles and bilayers, with the onlydifference that in proteoliposomes more energy is needed to disrupt
the lipid interaction and cause the unfolding and aggregation.
Resistance to proteolysis is a standard procedure to test the proper,
compact folding of a protein. Proteolysis assays show that 40% of TrwB in
bilayers, but not in micelles, is protected against the proteases tested
(Fig. 6). This result couldbedue to the asymmetric insertionof theprotein
into the membrane previously shown by Vecino et al. [7]. However the
protease assay was repeated in the presence of octylglucoside at a
concentration that allows protease permeation through the membrane,
and identical results were obtained (Fig. 6C). Thus the combination of
thermal denaturation and proteolysis assays conﬁrm that TrwB adopts a
more stable conformation when reconstituted into liposomes.
4.3. TrwB interaction with lipids in bilayers
Intrinsic membrane proteins interact with membrane lipids in
complexways that are still far from being understood. IR spectroscopy
is a unique tool in that it provides simultaneous information on the
lipid and protein membrane components, as well as on the
hydrophobic and interface membrane regions [9,10,38,39]. In their
pioneering work, Chapman and associates [40–42] described the
dissordering effect of intrinsic proteins on fully saturated phospho-
lipid acyl chain. In an early paper [40] the possibility of applying IR
spectroscopy to the study of membrane proteins was envisaged, but
this was only carried out some years later by Arrondo and co-workers
[32,43] and Mantsch and co-workers [44,45].
In the present contribution, our IR spectroscopic data suggest that
incorporation of TrwB into lipid bilayers causes: (a) a decrease inβ-sheet
components of the protein secondary structure, with a concomitant
increase in β-strand (Table 1), (b) an increase in lipid chain order
(Fig. 5A) and (c) an enhanced water access to phospholipid phosphate
groups (Fig. 5B). Moreover, the comparison of protein and lipid data at
varying temperatures, replotted in Fig. 7, indicates that the lipid acyl
chains “feel” the protein thermal denaturation at≈50–60 °C. (Note that,
although protein methylene groups also contribute to the band at
2852 cm−1, they constitute only a small fraction of the signal).
The bilayer insertion-dependent changes in protein structure,
mainly formation of β-strands, have been discussed above. The effects
of protein insertion on the lipid structure and dynamics are also
interesting, in particular the increase in lipid chain order. This is
against the observations by Mendelsohn et al. [46] and Cortijo et al.
[41]; however, they were using pure saturated lipids that are
intrinsically much more ordered than our composition. Anderle and
Mendelsohn [47] showed later that phospholipids of natural origin, as
in our study, had their acyl chains slightly oriented by the intrinsic
protein Ca+2-ATPase from sarcoplasmic reticulum.
1039A.J. Vecino et al. / Biochimica et Biophysica Acta 1808 (2011) 1032–1039Our observation of protein-dependent changes in phosphate
group hydration, or accessibility to water (Fig. 5B), is also interesting,
particularly because this is a scarcely studied region in the IR
spectrum [48,49]. In general phosphate stretching bands are not
modiﬁed by intrinsic proteins, at least when zwitterionic phospho-
lipids are used [10] but in our case, in the presence of PG and CL, the
situationmay be different. Also the fact that our lipidmixture contains
PE can make the bilayer rather unstable, and the presence of protein
can increase the instability, disrupting the membrane permeability
barrier, which would become evident as an increased water
accessibility to lipid phosphate groups was observed.
Acknowledgements
This workwas supported with funds from the SpanishMinisterio de
Educación y Ciencia (Grant No. BFU2007-62062), from MICINN (Grant
No. BFU2010-22103) and from LSHM-CT-2005_019023 (European VI
Framework Program). R.L.S. was a postdoctoral scientist supported by a
CSIC I3P postdoctoral fellowship. A.J.V. was a postdoctoral scientist
supported by the University of the Basque Country.References
[1] S. Bolland, M. Llosa, P. Avila, F. de la Cruz, General organization of the conjugal
transfer genes of the IncW plasmid R388 and interactions between R388 and IncN
and IncP plasmids, J. Bacteriol. 172 (1990) 5795–5802.
[2] M. Llosa, S. Bolland, F. de la Cruz, Genetic organization of the conjugal DNA
processing region of the IncW plasmid R388, J. Mol. Biol. 235 (1994) 448–464.
[3] J.E. Walker, M. Saraste, N.J. Gay, E. coli F1-ATPase interacts with a membrane
protein component of a proton channel, Nature 298 (1982) 867–869.
[4] I. Hormaeche, I. Alkorta, F. Moro, J.M. Valpuesta, F.M. Goñi, F. de la Cruz, Puriﬁcation
and properties of TrwB, a hexameric, ATP-binding integral membrane protein
essential for R388 plasmid conjugation, J. Biol. Chem. 277 (2002) 46456–46462.
[5] I. Hormaeche, I. Iloro, J.L. Arrondo, F.M. Goñi, F. de la Cruz, I. Alkorta, Role of the
transmembrane domain in the stability of TrwB, an integral protein involved in
bacterial conjugation, J. Biol. Chem. 279 (2004) 10955–10961.
[6] I. Hormaeche, R.L. Segura, A.J. Vecino, F.M. Goñi, F. de la Cruz, I. Alkorta, The
transmembrane domain provides nucleotide binding speciﬁcity to the bacterial
conjugation protein TrwB, FEBS Lett. 580 (2006) 3075–3082.
[7] A.J. Vecino, R.L. Segura, B. Ugarte-Uribe, S. Águila, F. de la Cruz, F.M. Goñi, I. Alkorta,
Reconstitution in liposome bilayers enhances nucleotide binding afﬁnity and ATP-
speciﬁcity of TrwB conjugative coupling protein, BBA Biomembr. 1798 (11)
(2010) 2160–2169.
[8] J.L. Arrondo, J. Castresana, J.M. Valpuesta, F.M. Goñi, Structure and thermal
denaturation of crystalline and noncrystalline cytochrome oxidase as studied by
infrared spectroscopy, Biochemistry 33 (1994) 11650–11655.
[9] J.L. Arrondo, F.M. Goñi, Structure and dynamics of membrane proteins as studied
by infrared spectroscopy, Prog. Biophys. Mol. Biol. 72 (1999) 367–405.
[10] J.L.R. Arrondo, F.M. Goñi, Infrared studies of protein-induced perturbation of lipids
in lipoproteins and membranes, Chem. Phys. Lipids 96 (1998) 53–68.
[11] I. Tato, S. Zunzunegui, F. de la Cruz, E. Cabezon, TrwB, the coupling protein
involved in DNA transport during bacterial conjugation, is a DNA-dependent
ATPase, Proc. Natl Acad. Sci. USA 102 (2005) 8156–8161.
[12] R.B. Gennis, Biomembranes: molecular structure and function, Springer-Verlag,
New York, 1989.
[13] M.J. Hope, M.B. Bally, G. Webb, P.R. Cullis, Production of large unilamellar vesicles
by a rapid extrusion procedure. Characterization of size distribution, trapped
volume and ability to mantain a membrane potential, Biochim. Biophys. Acta 812
(1985) 55–65.
[14] D. Lichtenberg, Characterization of the solubilization of lipid bilayers by
surfactants, Biochim. Biophys. Acta 821 (1985) 470–478.
[15] P.W. Holloway, A simple procedure for removal of Triton X-100 from protein
samples, Anal. Biochem. 53 (1973) 304–308.
[16] A. Urbani, T. Warne, A colorimetric determination for glycosidic and bile salt-
based detergents: applications in membrane protein research, Anal. Biochem. 336
(2005) 117–124.
[17] C.S.F. Böttcher, C.M. Van Gent, C. Fries, A rapid and sensitive submicro phosphorus
determination, Anal. Chim. Acta 24 (1961) 203–204.
[18] J.L. Arrondo, A. Muga, J. Castresana, F.M. Goñi, Quantitative studies of the structure
of proteins in solution by Fourier-transform infrared spectroscopy, Prog. Biophys.
Mol. Biol. 59 (1993) 23–56.
[19] D. Lévy, J.L. Rigaud, Reconstitution of membrane proteins into liposomes, Methods
Enzymol. 372 (2003) 65–86.
[20] J.L. Rigaud,Membraneproteins: functional and structural studies using reconstituted
proteoliposomes and 2-D crystals, Braz. J. Med. Biol. Res. 35 (2002) 753–766.
[21] M. Bogdanov, W. Dowhan, Phosphatidylethanolamine is required for in vivo
function of the membrane-associated lactose permease of Escherichia coli, J. Biol.
Chem. 270 (1995) 732–739.[22] S.H. de Lima, M.L. Lopes, B. Maggio, P. Ciancaglini, Na, K-ATPase reconstituted in
liposomes: effects of lipid composition on hydrolytic activity and enzyme
orientation, Colloids Surf. B Biointerfaces 41 (2005) 239–248.
[23] I. Tato, I. Matilla, I. Arechaga, S. Zunzunegui, F. de la Cruz, E. Cabezon, The ATPase
activity of the DNA transporter TrwB is modulated by protein TrwA: implications
for a common assembly mechanism of DNA translocating motors, J. Biol. Chem.
282 (2007) 25569–25576.
[24] M.Garcia-Pacios, J.Á. Fernández-Higuero, I. de laArada, J.L.R. Arrondo, Proteinstability
studied by infrared spectroscopy, Biotechnol. Biotechnol. Eq. 22 (2008) 625–628.
[25] A. Barth, The infrared absorption of amino acid side chains, Prog. Biophys. Mol.
Biol. 74 (2000) 141–173.
[26] S.T.Walsh, R.P. Cheng,W.W.Wright, D.O. Alonso, V. Daggett, J.M. Vanderkooi, W.F.
DeGrado, The hydration of amides in helices; a comprehensive picture from
molecular dynamics, IR, and NMR, Protein Sci. 12 (2003) 520–531.
[27] M. Llosa, F.X. Gomis-Ruth, M. Coll, F. de la Cruz, Bacterial conjugation: a two-step
mechanism for DNA transport, Mol. Microbiol. 45 (2002) 1–8.
[28] F.X. Gomis-Ruth, G. Moncalian, R. Perez-Luque, A. Gonzalez, E. Cabezon, F. de la
Cruz, M. Coll, The bacterial conjugation protein TrwB resembles ring helicases and
F1-ATPase, Nature 409 (2001) 637–641.
[29] E. Goormaghtigh, V. Cabiaux, J. De Meutter, M. Rosseneu, J.M. Ruysschaert,
Secondary structure of the particle associating domain of apolipoprotein B-100 in
low-density lipoprotein by attenuated total reﬂection infrared spectroscopy,
Biochemistry 32 (1993) 6104–6110.
[30] S. Bañuelos, J.L. Arrondo, F.M. Goñi, G. Pifat, Surface-core relationships in human
low density lipoprotein as studied by infrared spectroscopy, J. Biol. Chem. 270
(1995) 9192–9196.
[31] F. Tanfani, T. Galeazzi, G. Curatola, E. Bertoli, G. Ferretti, Reduced beta-strand content
in apoprotein B-100 in smaller and denser low-density lipoprotein subclasses as
probedbyFourier-transforminfrared spectroscopy, Biochem. J. 322 (1997)765–769.
[32] J.M. Valpuesta, J.L. Arrondo, M.C. Barbero, M. Pons, F.M. Goñi, Membrane-surfactant
interactions. The role of surfactant inmitochondrial complex III-phospholipid-Triton
X-100 mixed micelles, J. Biol. Chem. 261 (14) (1986) 6578–6584.
[33] T. Haltia, N. Semo, J.L. Arrondo, F.M. Goñi, E. Freire, Thermodynamic and structural
stability of cytochrome c oxidase from Paracoccus denitriﬁcans, Biochemistry 33
(1994) 9731–9740.
[34] F.X. Gomis-Ruth, G. Moncalian, F. de la Cruz, M. Coll, Conjugative plasmid protein
TrwB, an integral membrane type IV secretion system coupling protein. Detailed
structural features and mapping of the active site cleft, J. Biol. Chem. 277 (2002)
7556–7566.
[35] I. Echabe, U. Dornberger, A. Prado, F.M. Goñi, J.L. Arrondo, Topology of
sarcoplasmic reticulum Ca2+-ATPase: an infrared study of thermal denaturation
and limited proteolysis, Protein Sci. 7 (5) (1998) 1172–1179.
[36] I. Iloro, R. Chehín, F.M. Goñi, M.A. Pajares, J.L. Arrondo, Methionine adenosyl-
transferase alpha-helix structure unfolds at lower temperatures than beta-sheet:
a 2D-IR study, Biophys. J. 86 (6) (2004) 3951–3958.
[37] J.W. Brauner, C. Dugan, R. Mendelsohn, 13C isotope labelling of hydrophobic
peptides. Origin of the anomalous intensity distribution in the infrared amide I
spectral region of β-sheet structures, J. Am. Chem. Soc. 122 (4) (2000) 677–683.
[38] R. Mendelsohn, H.H. Mantsch, Fourier transform infrared studies of lipid–protein
interaction, in: A. Watts, J.J.H.H.M. De Pont (Eds.), Progress in protein–lipid
interactions, vol. 2, Elsevier, Amsterdam, 1986, pp. 103–146.
[39] J.S. Vrettos, C.W. Meuse, Infrared techniques for quantifying protein structural
stability, Anal. Biochem. 390 (2009) 14–20.
[40] D. Chapman, J.C. Gómez-Fernández, F.M. Goni, M. Barnard, Difference infrared
spectroscopy of aqueous model and biological membranes using an infrared data
station, Biochem. Biophys. Methods 2 (6) (1980) 315–323.
[41] M. Cortijo, A. Alonso, J.C. Gomez-Fernandez, D. Chapman, Intrinsic protein–lipid
interactions. Infrared spectroscopic studies of gramicidin A, bacteriorhodopsin
and Ca2+-ATPase in biomembranes and reconstituted systems, J. Mol. Biol. 157
(4) (1982) 597–618.
[42] A. Alonso, C.J. Restall, M. Turner, J.C. Gómez-Fernández, F.M. Goñi, D. Chapman,
Protein–lipid interactions and differential scanning calorimetric studies of bacter-
iorhodopsin reconstituted lipid–water systems, Biochim. Biophys. Acta 689 (2)
(1982) 283–289.
[43] J.L. Arrondo, M.A. Urbaneja, F.M. Goñi, J.M. Macarulla, G. Sarzala, Protein
conformational transitions in sarcoplasmic reticulum membranes, Biochem.
Biophys. Res. Commun. 128 (3) (1985) 1159–1163.
[44] W.K. Surewicz, M.A. Moscarello, H.H. Mantsch, Secondary structure of the
hydrophobic myelin protein in a lipid environment as determined by Fourier-
transform infrared spectrometry, J. Biol. Chem. 262 (18) (1987) 8598–8602.
[45] J.L. Arrondo, H.H. Mantsch, N. Mullner, S. Pikula, A. Martonosi, Infrared
spectroscopic characterization of the structural changes connected with the E1–
E2 transition in the Ca2+-ATPase of sarcoplasmic reticulum, J. Biol. Chem. 262
(19) (1987) 9037–9043.
[46] R. Mendelsohn, R. Dluhy, T. Taraschi, D.G. Cameron, H.H. Mantsch, Raman and
Fourier transform infrared spectroscopic studies of the interaction between
glycophorin and dimyristoylphosphatidylcholine, Biochemistry 20 (23) (1981)
6699–6706.
[47] G. Anderle, R. Mendelsohn, Fourier-transform infrared studies of CaATPase/phospho-
lipid interaction: survey of lipid classes, Biochemistry 25 (8) (1986) 2174–2179.
[48] J.L. Arrondo, F.M. Goñi, J.M. Macarulla, Infrared spectroscopy of phosphatidylcho-
lines in aqueous suspension. A study of the phosphate group vibrations, Biochim.
Biophys. Acta 794 (1) (1984) 165–168.
[49] F.M. Goñi, J.L. Arrondo, A study of phospholipid phosphate groups in model
membranes by Fourier transform infrared spectroscopy, Faraday Discuss. Chem.
Soc. 81 (1986) 117–126.
